Abstract Although laparoscopic resection for colon cancer has been proven safe and feasible when compared with open resection, currently no clear evidence is available regarding minimally invasive surgery for rectal cancer. This type of surgery may benefit patients by allowing fast recovery of normal dietary intake and bowel function, reduced postoperative pain, and shorter hospitalization. Therefore, minimally invasive surgeries such as laparoscopic or robot surgery have become the predominant treatment option for colon cancer. Specifically, the proportion of laparoscopic colorectal cancer surgery in Korea increased from 42.6 to 64.7% until 2013. However, laparoscopic surgery for rectal cancer is more difficult and technically demanding. In addition, the procedure requires a prolonged learning curve to achieve equivalent outcomes relative to open surgery. It is very challenging to approach the deep and narrow pelvis using laparoscopic instruments. However, robotic surgery provides better vision with a high definition three-dimensional view, exceptional ergonomics, Endowrist technology, enhanced dexterity of movement, and a lack of physiologic tremor, facilitated by the use of an assistant in the narrow and deep pelvis. Recently, an increasing number of reports have compared the outcomes of laparoscopic and open surgery for colon cancer. Such reports have prompted a discussion of the outcomes of minimally invasive surgery, including robotic surgery, for rectal cancer. The aim of this review is to summarize current data regarding the clinical outcomes, including oncologic outcomes, of minimally invasive surgery for rectal cancer.
Introduction: History of Minimally Invasive Surgery for Rectal Cancer
The history of minimally invasive surgery (MIS) dates back to 1987, when the introduction of laparoscopic cholecystectomy marked an important shift from open surgery [1] . Since the first successful incorporation of laparoscopy in colorectal surgery in 1991, MIS has also yielded many tremendous developments in the field of colorectal cancer [2] . For example, this technique has facilitated benefits such as a rapid recovery and shorter hospitalization, in addition to reduced postoperative pain [3] [4] [5] . Despite the acceptance of laparoscopic surgery for colorectal cancer, in addition to various types of abdominal surgery, many clinicians continued to express concerns that this technique would compromise survival by failing to achieve a proper oncologic outcome [6] . However, the COST trial demonstrated similar recurrence rates between laparoscopic and open colectomy and suggested that laparoscopic surgery is an acceptable alternative approach to open surgery for colon cancer [3] . Since then, many researchers have attempted to demonstrate the benefits and safety of laparoscopic colorectal surgery through randomized controlled trials such as A La Cart and COLOR II, which compared laparoscopic and open colorectal surgery [5, [7] [8] [9] [10] . These previous studies proved that laparoscopic colon surgery could be equivalent to or not inferior to open surgery. However, the benefits of laparoscopic surgery for rectal cancer have not been clearly demonstrated. Rectal cancer surgery is technically demanding, given the anatomical challenges in the deep and narrow pelvis, and many surgeons harbor concerns about oncologic outcomes, including functional outcomes. Laparoscopic surgery also requires a steep learning curve to ensure adequate outcomes, and is an assist-dependent procedure [11] . MIS has led to many technical advances involving less invasive approaches in an attempt to overcome these limitations by combining open and laparoscopic techniques. The hand-assisted technique was first introduced in the 1990s [11] . This technique, which provides excellent capabilities of exploration and safe specimen retraction, was useful because it allowed the use of laparoscopic instruments during colorectal surgery, splenectomy, and other procedures considered too complex for a laparoscopic approach [12] . Single-incision laparoscopic surgery (SILS) [13] and natural orifice transluminal endoscopic surgery (NOTES) [14] [15] [16] were introduced for the same reason. Beyond laparoscopic surgery, robotic surgery has recently been applied for rectal cancer. This technique has overcome the limitation of laparoscopic colorectal surgery under difficult conditions such as a deep and narrow pelvis. Robotic surgery yields benefits such as dexterity of movement, a threedimensional camera view, and reduced assistant-based physiological tremor. Currently, many trials are attempting to prove the safety and feasibility of MIS for rectal cancer.
The aim of this review is to summarize the published literature regarding the development of MIS for rectal cancer, as well as the current status and future perspectives regarding innovations of this technique for safety and feasibility.
A Standing Rule of Total Mesorectal Excision in Rectal Cancer
Total mesorectal excision (TME) has been a standard principle of rectal cancer surgery since its introduction in 1982, and is considered very important for oncologic outcomes [17] . In a study of 113 cases, Heald et al. reported no recurrences in 50 cases subjected to curative resection. Those patients were followed-up for more than 2 years with no pelvic or anastomosis site recurrences, whereas in previous studies, the local recurrence rates within 2 years ranged from 80 to 90%. Kapiteijn et al. reported improvements in local control and survival of patients with rectal cancer after the introduction of TME, compared with the outcomes of conventional rectal cancer surgery [18] . Incomplete mesorectal dissection yielded a significantly higher local recurrence when compared with complete dissection (36 vs. 20%) [19] . Therefore, TME is considered an essential procedure with regard to oncologic outcomes, even in cases involving laparoscopic resection. However, laparoscopic TME is a difficult procedure and has a steep learning curve. Kayano et al. evaluated the median number of cases required to achieve consistent results, and determined numbers as high as 50-150 for laparoscopic TME [20] . Postoperative morbidity and oncologic outcomes are significant concerns regarding the application of MIS for rectal cancer. Because inadequate dissection may cause poor oncologic and survival outcomes, it is important to maintain the Bholy plane^during TME involving laparoscopic dissection. In laparoscopic surgery, improved optic instruments provide a clear and magnified view of the parietal and visceral fascia of the mesorectum and facilitate meticulous dissection along the correct plane. In other words, sharp dissection for TME and identification of neurovascular structures in the pelvic cavity are better achieved with laparoscopy. Thus, laparoscopic surgery for rectal cancer is expected to be safe and feasible with regard to oncologic and postoperative outcomes.
Are the Oncologic Outcomes of Laparoscopic Surgery for Rectal Cancer Not Inferior to Those of Open Surgery?
Early reports described significantly high surgical complication rates associated with MIS. Reissman et al. reported a postoperative complication rate of 18% with laparoscopic surgery [21] and wound or trocar site recurrence rates of 21% for colorectal surgery [22] . The development of instruments and surgical techniques have led to significant decreases in surgical complications, with a port site recurrence rate of <1% in a review that covered the period from 1993 to 2000 [23] . 42) , and observed rapid recovery and short hospitalization in the former (p = 0.037) [24] . Kim et al. also investigated the benefits and oncologic outcomes of laparoscopic rectal cancer surgery [25] . These authors reported safe and adequate mid-term oncologic outcomes, with a postoperative complication rate of 20.5% and local recurrence rate of 2.9% in the laparoscopic group. Laurent et al. demonstrated similar long-term local control and cancer-free survival rates with laparoscopic and open surgery for rectal cancer [26] . Recent randomized controlled trials (RCTs) also did not observe differences in the resection margin, lymph node harvest, tumor recurrence, and mid-to long-term survival between laparoscopic and open surgery. However, most RCTs have focused on colon cancer when comparing the outcomes of open and laparoscopic surgery for colorectal cancer [3, 4, 27, 28] . In large-scale and randomized trials such as the MRC-CLASSIC trial, the 3-year overall survival rate with laparoscopic surgery for rectal cancer was not inferior to that of open surgery (68.4 vs. 66.7%; p = 0.55) [5] . Two surgical methods also did not differ with respect to 3-year disease-free survival (DFS; open, 67.7% vs. laparoscopic, 66.3%; p = 0.70). However, 29% of all patients with rectal cancer were converted from laparoscopic to open surgery, and the most common causes for conversion were excessive tumor fixation (41%), obesity (26%), anatomical uncertainty (21%), and inaccessibility of tumors (20%). In that study, the CRM involvement rates were higher with laparoscopic than with open surgery (7 vs. 5%), although this difference was not significant. Bonjer et al. demonstrated similar locoregional recurrence and DFS rates between laparoscopic surgery and open surgery for rectal cancer (locoregional recurrence rate: 5.0% in both groups) in the COLOR II trial [9] . In that trial, the DFS rates were 74.8 and 70.8% with laparoscopic and open surgery, respectively. The overall survival rates also did not differ significantly (open, 83.6% vs. laparoscopic, 86.7%). However, the ACOSOG trial failed to demonstrate the noninferiority of laparoscopic surgery for rectal cancer [29] . In that RCT, successful resection was achieved in 81.7% of patients in the laparoscopic group and 86.9% in the open group. Conversion to open surgery occurred in 11.3% of patients, and CRM involvement was observed in 12.1% of laparoscopic and 7.7% of open cases (p = 0.11) Although the authors failed to demonstrate the noninferiority of laparoscopic surgery, the number of harvested lymph nodes and rate of severe complication did not differ significantly between the groups (laparoscopic, 22.5% vs. open, 22.1%). The time to recovery of bowel movement was more rapid (p = 0.03) and intraoperative blood loss was significantly reduced (p = 0.004). Another RCT, the ALaCaRT trial, also failed to establish the noninferiority of laparoscopic surgery for rectal cancer relative to open surgery [10] . The successful resection rates were 82 and 89% for laparoscopic and open surgery, respectively (p = 0.38). A higher CRM involvement rate was observed with laparoscopic surgery (7% vs. open, 3%; p = 0.06), and the conversion rate from laparoscopic to open surgery was 9% (Tables 1 and 2 ).
Transition from Laparoscopic to Robotic Surgery for Rectal Cancer and Development of the Robotic System: From Si to Xi
The CLASSIC trial observed a higher conversion rate (34%) and higher rates of CRM involvement with laparoscopic rectal resection [5] . Recently, robotic surgery has revolutionized and expanded the field of MIS beyond laparoscopic surgery. This system can provide three-dimensional views and improved ergonomics, while eliminating assistant-based physiologic tremor [30] . Robotic surgery does not require a long learning curve if the clinician possesses laparoscopic experience. This technique also yields tremendous outcomes for low rectal cancer in the deep and narrow pelvis, in contrast to laparoscopic surgery, which is difficult, time-consuming, and associated with higher conversion rates. In a review, Trastulli et al. compared the outcomes of robotic and laparoscopic resection of rectal cancer in eight studies and obtained mean conversion rates of 2% in the robot group and 7.5% in the laparoscopic group [31] . Two studies described the reasons for conversion, which included a severely narrow pelvis that precluded rectal dissection, bleeding of the pelvic wall, insufficiently long dissection instrument, and obesity with a narrow pelvis.
The da Vinci robotic system was approved by the United States Food and Drug Administration (FDA) in 2000 [32] . This system provides enhanced, operator-controlled, threedimensional high definition vision, EndoWrist technology with seven degrees of freedom, and tremor elimination with improved dexterity. Weber et al. and Hashizume et al. first performed robotic colorectal surgery in 2002 [33, 34] . D'Annibale et al. reported several cases treated via robotic colorectal surgery and concluded that a robotic system might be useful for procedures such as takedown of the splenic flexure, dissection of the inferior mesenteric artery, identification of the nerve plexus, and dissection of a narrow pelvis [35] . Baik et al. confirmed the findings of D'Annibale et al. and demonstrated that TME for rectal cancer was more easily and effectively achieved with a robotic system [36] . Robotic rectal resection is performed in two steps because the da Vinci system cannot self-adjust to allow access to more than one quadrant of the abdomen. These steps, the colonic phase and pelvic phase, occur when the robot system is adjusted. The timeconsuming and difficult nature of these steps led to the introduction of a hybrid technique involving a conventional laparoscopic approach for the colonic phase and robotic approach for the pelvic phase. This method advantageously reduces the operative time in cases of rectal cancer in which the left colon and splenic flexure are mobilized by a conventional laparoscopic technique, followed by a robotic technique for pelvic dissection (e.g., TME) [37, 38] . Total robotic techniques involve performance of an entire robotic operation involving a single-docking or dual-docking technique, which requires the operating table to be repositioned between the colonic and pelvic phases. Although several studies have reported improved outcomes with robotic surgery for rectal cancer, this technique still has many limitations. The costs of the robotic system and instruments and the prolonged operation time are nonnegligible drawbacks. The strong, bulky robotic arms lack haptic feedback during dissection. Inexperienced surgeons can easily avulse tissues if they fail to perceive a subtle view.
The da Vinci Xi system was recently introduced and is expected to overcome the limitations of the previous platform. The da Vinci Xi system combines the functionality of a boommounted system with the flexibility of a mobile platform [39] . With this simpler docking system, the scope can be placed on any of the robotic arms and autofocused. The oblique disposition of the trocar would enable the completion of splenic flexure mobilization and the pelvic phase with a singledocking technique. The instruments have a very wide range of movement from the transverse colon to the levator ani. Improved arms allow the ports to be placed in closer proximity, thus avoiding collision. Morelli et al. compared the use of da Vinci Xi and Si system for rectal cancer and observed significantly reduced operating time and hospitalization with the former [39] . In this study, only 40% of cases using the Si system were fully robotic, compared with 100% of cases using the Xi system.
Clinical Outcomes of Robotic Surgery for Rectal Cancer
Despite the lack of definitive oncologic outcomes, robotic surgery allows better access to the deep and narrow pelvis. The mean operation time was significantly longer with robotic surgery than with laparoscopic surgery. In a systemic review by Mak et al., most studies observed a longer operation time with robotic surgery, which was attributed to robotic instrument docking and switching (robotic, 281.8 min vs. laparoscopic, 242.6 min) [32] . The conversion rates for robotic surgery ranged from 0 to 8.0%, whereas those for laparoscopic surgery ranged from 1.8 to 22%. The reasons for conversion included obesity, anatomical difficulty, bulky tumor, narrow and deep pelvis, adhesion from previous surgery, equipment malfunction, and intraoperative complications such as massive bleeding and rectal perforation. These authors also found that in five of 11, greater blood loss was reported in the laparoscopic group than robotic group. Pigazzi et al. reported the outcomes of a multicenter study of robotic surgery for rectal cancer, wherein the conversion rate was 4.9% and lymph node harvesting was more efficient in the robotic group vs. the open group [40] . Baik et al. also reported a local recurrence rate of 3.6% and favorable survival with robotic surgery (3-year DFS, 79.2%; OS, 93.1%) [41] . D'Annibale et al. compared the postoperative and oncologic outcomes between robot and laparoscopic surgery for rectal cancer [35] . In that study, the techniques did not differ in terms of the number of harvested lymph nodes and complications, although the conversion rate to open surgery was higher in the laparoscopic group (p = 0.011). In another retrospective study, Cho et al. compared the outcomes of open surgery and MIS for rectal cancer in Korea [42] . These authors found no differences in the rates of CRM involvement, 5- CRM circumferential resection margin, LNs lymph node, TME total mesorectal excision a ACOSOG, laparoscopic surgery consisted of laparoscopic, 68.8% and robotic, 14.2% [39] . Moreover, the authors observed no differences between the systems in terms of lymph node harvesting, CRM involvement, and TME quality. Although that study achieved comparable outcomes, the size of the enrolled patient cohort was small. However, we hope that these findings and those of further studies will increase the acceptance of robotic surgery as a minimally invasive technique for rectal cancer (Tables 3  and 4 ).
Sexual and Urinary Dysfunction Associated with Minimally Invasive Surgery for Rectal Cancer
Sexual and urinary dysfunction are well-known complications of rectal cancer surgery; these occur because of the close proximity of the pelvic nerves to the mesorectum and the difficulty in identifying anatomical structures such as the inferior hypogastric plexus in the narrow and deep pelvis. Laparoscopic surgery for rectal cancer has yielded similar or higher rates of sexual dysfunction when compared with open surgery [27, 44, 45] . However, robotic surgery for rectal cancer provides surgeons with a better view and improved ergonomics when dissecting pelvic anatomical structures [46] . Conventional open TME has been associated with urinary dysfunction rates of 0-12% and sexual dysfunction rates of 10-35% [47, 48] . Jayne et al. compared the rates of bladder and sexual dysfunction between laparoscopic and open surgery for rectal cancer and achieved similar bladder function outcomes in both groups (p = 0.129) [49] . However, erectile function tended to be worse after laparoscopic surgery, compared with open surgery (p = 0.063). Kim et al. evaluated voiding and sexual function after laparoscopic and robotic TME for rectal cancer [48] . These authors reported that robotic TME was associated with an earlier recovery of normal voiding and sexual function, compared to laparoscopic TME. In that study, the recovery periods of reduced urinary function were 6 months in the laparoscopic group and 3 months in the robotic group. Regarding sexual function, the recovery period was reduced with 6 months in robotic surgery than laparoscopic surgery. Although several studies reported worse outcomes with laparoscopic surgery, the technical and instrumental improvements of robot surgery can provide better outcomes regarding bladder and sexual dysfunction.
Sphincter-Preserving Surgeries Such as Intersphincteric Resection and Hemilevator Ani Excision
Abdominoperineal resection (APR) is planned for low rectal cancers occurring close to or invading the anal sphincter. However, APR was associated with a higher CRM involvement rate (10%) and local recurrence rate (20%) when compared with lower anterior resection (LAR) [50] . The 5-year survival of patients who underwent APR was poor as 59%, whereas that of LAR was 70%. Anatomical difficulties concerning the surgical approach in the deep and narrow pelvis led to poor outcomes after APR. Recently, sphincterpreserving surgery has become popular because of the advantageous oncologic outcome, as well as anal sphincter preservation. Several studies have shown the safety and feasibility of laparoscopic sphincter-preserving surgery for low rectal cancer [51] [52] [53] [54] . Portier et al. reported the apparent oncologic safety of sphincter-preserving surgery for very low rectal cancer. In that study, local recurrence and 5-year overall survival rates ranged from 6.7 to 10.6% and from 80.0 to 86.1%, respectively [55] . Denost et al. reported a CRM involvement rate of 9%, local recurrence rate of 4%, 5-year DFS rate of 83%, and OS of 70% for laparoscopic TME with coloanal anastomosis (CAA) for rectal cancer [54] . In addition to LAR with CAA, intersphincteric resection (ISR) was applied to preserve the anal sphincter in cases of low rectal cancer with invasion to the anal sphincter. [59] . This procedure includes a standard TME to the levator ani level via the abdominal approach and wide excision of the levator muscles via the perineal approach. The authors observed no postoperative complications and comparable pathologic outcomes. However, few studies have presented the outcomes of sphincterpreserving surgery involving hemilevator excision, rather than ISR alone, and these previous studies have been small. In the future, a randomized trial is needed to demonstrate the safety and feasibility of MIS as a sphincter-preserving surgical technique. In addition, a demonstration of long-term functional outcomes after ileostomy repair is needed.
Expansion to Transanal TME and Development of Instruments for Better Outcomes
Various attempts have been made to overcome laparoscopic limitations such as a two-dimensional view, unstable assistantcontrolled camera, poor ergonomics, straight tip instruments, fulcrum effect, and enhanced tremor effect. Single-incision laparoscopic surgery has reduced the numbers of required incisions and ports, thus yielding better cosmetic results and reduced wound pain. NOTES aimed to eliminate external incisions by gaining access via transvaginal, transgastric, transvesical, and transrectal approaches. However, NOTES has previously been associated with many hurdles. Similarly, transanal TME was recently introduced to overcome the technical difficulties associated with laparoscopic rectal dissection in the deep and narrow pelvis. This technique has the advantages of facilitating anorectal dissection, clear distal margins, and transanal specimen extraction. Sylla et al. first reported transanal mesorectal dissection using laparoscopy-assisted transanal endoscopic microsurgery (TEM) instruments [60] . Further investigations are needed to clarify the long-term oncological and functional outcomes. Atallah et al. also reported a hybrid approach combining TEM and singleport surgery for the local excision of a rectal tumor, transanal MIS (TAMIS) [61] . In 2011, transanal TME with a single-port device and laparoscopic instruments was introduced [62] . Several studies have reported the feasibility and efficiency of transanal TME [63] [64] [65] [66] . Hasegawa reviewed 13 articles concerning transanal TME for rectal cancer [67] . These authors demonstrated comparable outcomes of transanal and conventional TME and noted that the former approach facilitates perianal dissection in patients with a deep and narrow pelvis. Transanal access can yield improved specimen quality and an adequate distal margin under direct vision. Moreover, transanal TME eliminates the need for abdominal wound elongation, which can cause postoperative complications. With a laparoscopic approach, it is difficult to reach to the pelvic floor with the tips of instruments, and small hand motions are amplified in the deep pelvis. Verheijen et al. performed robotic transanal TME for rectal cancer and demonstrated complete excision with clear margins and no postoperative complications [68] . The development of surgical instruments such as access ports, anastomotic circular staplers, and energy devices have facilitated this approach. Transanal TME should be applied to suitable patients with proper CRM circumferential resection margin, LNs lymph nodes, TME total mesorectal excision indications, and increased surgical experience is needed to ensure long-term outcomes in the future. In fact, the ongoing multicenter COLOR III trial has demonstrated the efficacy and safety of transanal TME vs. conventional TME for rectal cancer in a randomized setting [69] .
Conclusions
MIS can provide favorable outcomes for patients with rectal cancer. A considerable body of data supports the feasibility, safety, and oncologic outcomes of MIS, compared with open surgery. However, multicenter randomized trials are needed to confirm and clarify those benefits. Innovative approaches to technical instrument and surgical method design have been undertaken to promote patient benefits and user-friendliness. These improvements and developments will facilitate the widespread application of MIS for rectal cancer.
In the future, randomized controlled trials of MIS for rectal cancer are needed to further analyze and compare the outcomes of laparoscopic and robotic resection or robotic and open resection. We expect that the results of these trials will help to establish MIS as a safe and feasible procedure for rectal cancer surgery.
